ABSTRACT Five experiments were conducted to evaluate the effects of whole wheat, whole sorghum, or whole barley on nutrient digestibility, growth performance, and cecal short-chain fatty acid concentrations when supplemented primarily at the expense of corn in ground corn-soybean meal control diets. The first 4 experiments utilized New Hampshire × Columbian male chicks. In the first 2 experiments, feeding 5, 10, 15, or 20% whole wheat had no effect on growth performance at 21 d when compared with chicks fed the control diet. The third experiment tested 20, 35, and 50% whole wheat fed from 0 to 21 d of age and showed that a 50% whole wheat diet decreased (P < 0.05) 21-d growth and feed efficiency when compared with chicks fed the control diet. In experiment 4, 10 and 20% whole sorghum reduced (P < 0.05) growth at 21 d, whereas chicks fed 10 and 20% whole barley had similar weight gains to chicks fed a ground corn-soybean meal diet. The fifth experiment with commercial Ross × Ross male broiler chicks evaluated 10 and 20% whole sorghum or whole barley and 20 and 35% whole wheat. Growth at 21 d was unaffected by any dietary treatment. Feed efficiency was decreased (P < 0.05) at 21 d with 20% whole wheat and improved (P < 0.05) with 10% whole barley. Feeding whole grains to chicks resulted in an increase in gizzard weight, even as early as 7 d, in all experiments. Chicks fed diets containing 10 to 20% whole wheat generally had increased ME n values at 3 to 4, 7, 14, and 21 d and also had increased amino acid digestibility at 21 d in one experiment. At 21 d, cecal pH and short-chain fatty acid concentrations in all experiments were unaffected by feeding whole grains to chicks. The results of this study indicated that feeding whole wheat, sorghum, or barley increased gizzard weight, and feeding 10 to 20% whole wheat may increase ME and amino acid digestibility.
INTRODUCTION
Feeding whole grains to poultry is a management practice used frequently in Europe, Australia, and Canada to reduce feed costs. The literature pertaining to whole grain feeding primarily involves the supplementation of whole grains into diets that are generally based on ground wheat, sorghum, or barley and soybean meal. In the United States, poultry diets are primarily composed of corn and soybean meal. Only a limited number of studies have been published concerning the effects of supplementing whole grains in a ground corn-soybean meal diet. One objective of this study was to evaluate whole grains in a corn-soybean meal diet.
The physical limitation of feeding a large particlesize feed, such as a whole grain, to a chick that has just hatched is a concern. To address this, many researchers have withheld whole grains from diets until chicks are at least 5 d old to as many as 11 or 14 d old. Feeding larger particle sizes and whole grains to poultry has garnered more attention in recent years due to hypotheses that feeding whole grains will improve bird health or gizzard function, or both (Gabriel et al., 2006; Amerah et al., 2007 Amerah et al., , 2008 . To maximize the effect on intestinal health and gizzard function, it may be beneficial to expose chicks to feed that contains whole grains as early as possible, even immediately after hatching.
Research from several groups Sklan, 1998, 1999; Uni et al., 1998; Noy et al., 2001; Batal and Parsons, 2002; Odetallah et al., 2005) has shown that nutrient digestibility is suboptimal in chicks until about 14 d of age and that improving the digestibility of nutrients during the first 2 wk is critical to improving weight gain to market weight. Improving the size and activity of the gizzard has been hypothesized to improve the morphology of the intestinal tract through increased peristaltic movement (Taylor and Jones, 2004) . Het-land et al. (2002) suggested that a large and more active gizzard improves starch digestibility by serving as a mixing compartment for the digestive juices and nutrients. Improved feed efficiency sometimes observed by feeding whole grains suggests that nutrient digestibility may be increased (Svihus et al., 1997; Jones and Taylor, 2001; Nahas and Lefrançois, 2001) . Any increased digestibility and availability of nutrients may cause the lower intestinal tract to adapt to the increased nutrients through crypt cell proliferation and by increasing the number of villi (Yasar and Forbes, 1999) .
There is also evidence that whole grain feeding has an indirect effect on reducing many enteric diseases in poultry. This may be due to the ability of whole grains to increase the size of the gizzard, which may have an antimicrobial effect (Hetland et al., 2002) . The associated reduction in pH in both the gizzard and the small intestine due to the increased hydrochloric acid output provides an environment that is less suitable for certain pathogenic bacteria (Nir et al., 1994b; Engberg et al., 2002) .
The primary objective of this study was to evaluate the effects of different levels of whole wheat, sorghum, or barley when supplemented primarily at the expense of corn in a corn-soybean meal diet on ME n, and amino acid (AA) digestibility at several ages. In addition, the effects of the whole grains on growth performance, 21-d gizzard weight, cecal short-chain fatty acid (SCFA) concentrations, and cecal pH were assessed.
MATERIALS AND METHODS

General Procedures
The University of Illinois Animal Care and Use Committee on Laboratory Animal Care approved all procedures. Five 3-wk experiments were conducted. The first 4 experiments utilized male New Hampshire × Columbian chicks, and the fifth experiment used Ross × Ross male broiler chicks. The chicks were housed in thermostatically controlled starter batteries with raised wire floors in an environmentally controlled building. The wire floors of the batteries were left uncleaned from previous experiments in an attempt to provide increased microbial exposure to the chicks. At hatch, chicks were weighed, wing-banded, and randomly allotted to pens so that each pen of chicks had a similar initial weight and weight distribution. Body weights and feed intakes were measured at the end of wk 1 and 3. Weight gain and feed efficiency (G:F) were calculated for each pen replicate.
The whole grains (wheat, sorghum, and barley) were added to corn-soybean meal diets primarily at the expense of corn and a small amount of soybean meal. The corn used in all diets was ground in a hammer mill with a screen opening of 4.76 mm. All diets were formulated to be equal in CP based on the analyzed CP content of grains (NRC, 1994) . No attempt was made to adjust diets for ME n because the ME n of the whole grains was unknown and the primary objective of the study was to evaluate dietary effects on ME n and AA digestibility at different ages. Thus, adding fat to maintain the NRC (1994) ME n of the whole wheat and barley diets equal to the ground corn diets could have affected nutrient digestibility (Mateos and Sell, 1980) .
AME and AA Analysis
In experiments that examined the effect of diet on ME n , the following procedures were followed. Excreta from each pen were collected on d 3 and 4 (3 to 4), 7, 14, and 21 posthatching and freeze-dried. Feed and excreta samples then were finely ground and analyzed for gross energy using an adiabatic bomb calorimeter. Analysis for nitrogen was performed using Kjeldahl method 990.03 of the AOAC International (2000). Amino acid concentrations in the feed and excreta were determined at the University of Missouri-Columbia Experiment Station Chemical Laboratory [method 982.30E (a,b,c) ; AOAC International, 2000] . The concentration of acid insoluble ash in the feed and excreta was determined using the procedures described by Vogtmann et al. (1975) , and the ME n of the diets was calculated using the equation described by Hill and Anderson (1958) .
Cecal pH and SCFA Analysis
The cecal pH and SCFA concentrations were measured in experiments 1, 4, and 5 in an attempt to indirectly determine if the whole grain treatments had any substantial effects on the ceca microbial populations. The procedures for collecting cecal contents for evaluating cecal pH and SCFA concentration were conducted as follows. At the end of the experiment, birds were killed via CO 2 inhalation. A total of 1 g of cecal contents was collected for SCFA analysis by selecting 4 ceca from different birds within a replicate and extracting 0.25 g of cecal contents from each cecum. The SCFA concentrations were determined via gas chromatography according to Erwin et al. (1961) . Briefly, concentrations of acetate, propionate, butyrate, valerate, isovalerate, and isobutyrate were determined in the supernate of acidified cecal aliquots using a HewlettPackard 5890A Series II gas chromatograph (Agilent Technologies, New Castle, DE) and a glass column (180 cm × 4 mm i.d.) packed with 10% SP-1200/1% H 3 PO 4 on 80/100+ mesh Chromosorb WAW (Sigma-Aldrich, St. Louis, MO). Nitrogen was the carrier gas with a flow rate of 75 mL/min. Oven temperature, detector temperature, and injector temperature were 125, 175, and 180°C, respectively.
The remaining cecum from the 4 birds in each replicate was separated and the contents were pooled together. The pH probe was placed directly into the cecal contents and the pH was recorded.
Gizzard Collection
Gizzards were collected from the chicks according to the following procedures. After the chicks were killed with CO 2 gas, the gizzards were excised and the surrounding fat was removed. The gizzards then were opened, the contents were removed, and the gizzard was rinsed and blotted dry. The gizzards were weighed and the weight was expressed as a percentage of BW.
Experiment 1
The objective of this experiment was to evaluate the inclusion of whole wheat at 5, 10, 15, and 20% in a corn-soybean meal diet (Table 1 ) on growth performance, ME n , AA digestibility, cecal pH and SCFA, and gizzard weight when compared with birds fed a ground corn-soybean meal-based diet. Each diet was fed to 5 replicate pens of 8 chicks per pen for a total of 200 chicks. The diets were provided from 0 to 21 d of age. Growth performance was measured for the 0 to 21-d period; ME n was measured at 3 to 4, 7, 14, and 21 d; AA digestibility was measured at 7 and 21 d; and cecal pH and SCFA and gizzard weight were measured at 21 d.
Experiment 2
The objective of this experiment was to determine the effect of time of initiating the feeding of whole wheat at hatching or at 8 d of age on growth performance, ME n , AA digestibility, cecal pH and SCFA, and gizzard weight. Experiment 1 only evaluated the feeding of whole wheat starting at hatch, and it was hypothesized that whole wheat may be better utilized if it is not fed until later when the gizzards of the chicks are larger. Two diets containing whole wheat (10 or 20%) were fed to crossbred chicks from 0 to 21 d of age. Two other dietary treatments were feeding 10 and 20% whole wheat to crossbred chicks from 8 to 21 d of age; these birds were provided with a corn-soybean meal diet (Table 1 ) during the first week of the experiment. These 4 dietary treatments were compared with feeding a corn-soybean meal diet throughout the entire experiment. Each dietary treatment was replicated 5 times with 8 birds per replicate pen for a total of 200 chicks. Growth performance, ME n , AA digestibility, cecal pH and SCFA, and gizzard weights were measured at the same times or time periods as in experiment 1.
Experiment 3
Experiments 1 and 2 evaluated levels of wheat up to 20%. The objective of this experiment was to determine how growth performance would be affected when birds were provided a corn-soybean meal diet containing 20% or higher levels of whole wheat from 0 to 21 d of age. Rates of dietary substitutions of wheat in place of corn and soybean meal were the same as in experiments 1 and 2. These 3 diets were compared with a corn-soybean meal diet containing no wheat. Each dietary treatment was replicated 5 times with 4 chicks per replicate (80 chicks). 
Experiment 4
Experiments 1 to 3 evaluated only whole wheat. This experiment evaluated other whole grains, namely whole sorghum and whole barley, each at 10 and 20%, compared with a corn-soybean meal diet with no whole grains ( Table 2) . Each of the 5 diets was fed to 5 pens of 4 chicks. Growth performance, ME n , AA digestibility, gizzard weight, cecal pH, and cecal SCFA concentrations were measured for the same time points or periods as in experiments 1 and 2 except that ME n was not determined at 14 d.
Experiment 5
The first 4 experiments evaluated various whole grains when fed to crossbred New Hampshire × Columbian chicks. It was of interest to also evaluate these whole grains when fed to commercial broiler chicks. The final experiment in this study evaluated whole sorghum and whole barley (10 and 20% each) and whole wheat (20 and 35%) in Ross × Ross male chicks fed a corn-soybean meal diet from 0 to 21 d of age (Table 2) . A corn-soybean meal basal diet with bacitracin methylene disalicylate (27.7 mg/kg of diet) also was included in this experiment to determine if the whole grains may have some efficacy for replacing antibiotic growth promoters. Each of the 8 dietary treatments was replicated 6 times. During the first week of life, 8 birds were used in each replicate (384 birds). At the end of the first week, 4 birds were randomly selected from each experimental unit and killed with CO 2 gas. The gizzard was then excised from each of these birds to determine gizzard weight. The remaining 4 birds in each experimental unit (192 total birds) were continued to be fed their respective diets until 21 d. This experiment measured growth performance from 0 to 21 d, gizzard weight at 7 and 21 d, and cecal pH and SCFA at 21 d.
Statistical Analysis
All data were analyzed by the GLM procedure of SAS (SAS Institute, 1990) . If the F-test for treatment effect was significant in the ANOVA, differences among treatment means were determined using the least significant difference test (Carmer and Walker, 1985) . All AA digestibility data were transformed using arc sin before ANOVA (SAS Institute, 1990) . In experiment 2, differences in the effects of feeding periods were also determined with single degree of freedom contrast statements comparing chicks fed whole wheat diets from 0 to 21 d to chicks fed whole wheat diets from 8 to 21 d. Differences were considered significant when P < 0.05.
RESULTS
Experiment 1
Body weight gain and feed intake (Table 3) were not affected by the addition of whole wheat throughout the Table 4 ) was increased as whole wheat was increased in the diet. Cecal pH at 21 d was not affected by any dietary treatment and ranged from 5.55 to 5.69 (pooled SEM = 0.13). The ME n of diets containing 10, 15, and 20% whole wheat was improved (P < 0.05) at all ages when compared with chicks fed the basal diet and also was improved by 5% whole wheat at 14 d (Table 5) . Values also increased with age. There was generally no significant effect of whole wheat on AA digestibility at 7 d (Table 6 ). However, the digestibility of most AA was improved (P < 0.05) at 21 d when 10, 15, or 20% whole wheat was fed. As observed for ME n , AA digestibility values increased with age.
Experiment 2
Body weight gain and feed intake (Table 7) were not affected by 10 or 20% whole wheat fed from 0 to 21 d or 8 to 21 d. During the 8 to 21-d period, feed efficiency was significantly lower (P < 0.05) for chicks fed whole wheat. Feed efficiency was not affected by dietary treatment during the 0 to 7-d and 0 to 21-d periods. The length of feeding whole wheat (0 to 21 or 8 to 21 d) had no significant effect on growth performance. When compared with chicks fed the basal diet, chicks fed 10% whole wheat only from 8 to 21 d had similar relative gizzard weights (Table 4) . Feeding 10 and 20% whole wheat for 21 d and 20% whole wheat from 8 to 21 d increased (P < 0.05) relative gizzard weights when compared with chicks fed the basal diet. Providing 20% whole wheat for 21 d or from 8 to 21 d produced the highest relative gizzard weights.
Metabolizable energy values were significantly improved at all ages when chicks were fed 20% whole wheat from hatch to 21 d of age (Table 8) . At 7 d, chicks fed 10% whole wheat from hatching showed a significant improvement in ME n that continued at 14 and 21 d of age. When chicks were fed 20% whole wheat starting at 8 d of age, a significant improvement in ME n occurred at 14 and 21 d. Finally, feeding 10% whole wheat to chicks starting at 8 d of age had no effect on 14-d ME n values, but there was an improvement (P < 0.05) in ME n at 21 d when compared with chicks fed the basal diet. As observed in experiment 1, ME n values increased with age. Means within a row (age effect) with no common superscript differ significantly (P < 0.05). 1 Means represent 5 pens of 8 chicks per treatment.
*Means within a column for each amino acid (diet effect) are significantly (P < 0.05) different from the basal diet. a-c Means within a row (age effect) with no common superscript differ significantly (P < 0.05). 1 Means represent 5 pens of 8 chicks each per treatment.
*Means within a column (diet effect) are significantly (P < 0.05) different from the basal diet.
Experiment 3
During the 0 to 21-d period, weight gain and feed efficiency of chicks fed a diet containing 50% wheat were decreased (P < 0.05) when compared with chicks fed a corn-soybean diet or diets containing 20 or 35% wheat (Table 10 ). Weight gain from 0 to 7 d for chicks fed the 20% whole wheat diet was significantly lower (P < 0.05) than that of chicks fed the basal diet or the 35% whole wheat diet. Feed intake was not significantly affected by the inclusion of 20 to 50% whole wheat in the diet.
Experiment 4
When chicks were fed a diet containing 10 or 20% whole barley, weight gains (Table 11) were similar to chicks fed the basal diet. Chicks fed 10 and 20% whole sorghum had consistently lower (P < 0.05) weight gains and feed efficiencies than chicks fed the basal diet during the 8 to 21-and 0 to 21-d periods (Table 11) . Feed intake was not significantly affected by dietary treatment. Feeding whole sorghum or barley to chicks increased (P < 0.05) relative gizzard weights (Table 4) when compared with chicks fed the basal diet. Chicks fed 20% whole barley had the largest increase in relative gizzard weight.
Diets containing whole sorghum or whole barley had little effect on ME n (Table 12) . At 21 d, chicks fed 20% whole barley had a significant improvement (P < 0.05) in ME n when compared with chicks fed the basal diet. As observed in the earlier experiments, ME n increased with age. The digestibility of AA at 7 d was generally unaffected when chicks were fed whole sorghum (10 or 20%) or 20% whole barley (Table 13) . At 7 d, chicks fed 10% whole barley had an improved digestibility of most AA when compared with chicks fed the basal diet. At 21 d, whole sorghum had little significant effect on AA digestibility. However, chicks fed whole barley (10 or 20%) showed a significant improvement in digestibility of most AA at 21 d.
The cecal concentrations of acetate, propionate, isobutyrate, butyrate, valerate, and isovalerate were not significantly affected by including whole sorghum or Means within a row with no common superscript differ significantly (P < 0.05). 1 Means represent 5 pens of 8 chicks each per treatment. 2 Chicks were provided the diets containing whole wheat only from 8 to 21 d. During the first 7 d, they were provided the basal diet. Means within a row (age effect) with no common superscript differ significantly (P < 0.05). 1 Means represent 5 pens of 8 chicks each per treatment. 2 20% WW treatments are greater than 10% WW treatments at 21 d (P < 0.05) based on a single degree of freedom contrast.
barley in the diets (data not shown). Ranges in values for cecal SCFA acid concentrations (mmol/L) among treatments were similar to those in experiment 2. Cecal pH also was not affected by dietary treatment, and values were similar to those observed in experiments 1 and 2 (data not shown).
Experiment 5
The 0 to 21-d weight gain and feed intake (Table  14) of commercial broiler chicks were unaffected by feeding whole sorghum, barley, or wheat. A difference in weight gain was detected during the 8 to 21-d pe- Means within a row (age effect) with no common superscript differ significantly (P < 0.05). 1 Means represent 5 pens of 8 chicks per treatment.
*Means within a column of each amino acid (diet effect) are significantly (P < 0.05) different from the basal diet. riod where chicks fed 10% whole sorghum or 10 or 20% whole barley had improved weight gain when compared with chicks fed the basal diet. Feed efficiency during the first week was lowest (P < 0.05) for chicks fed the 20% whole wheat diet, but all other whole grain dietary treatments were not significantly different from chicks fed the basal diet. At 21 d, chicks fed 20% whole wheat continued to have significantly lower (P < 0.05) feed efficiency than chicks fed the basal diet. Bacitracin increased weight gain from 8 to 21 d and feed efficiency from 0 to 21 and 8 to 21 d. At 7 d, chicks fed a whole grain had a higher (P < 0.05) relative gizzard weight (Table 4) than chicks fed the basal diet. At 21 d, relative gizzard weight was increased (P < 0.05) for all of the whole grain treatments. Bacitracin had no effect on gizzard weight.
At 21 d, the cecal concentrations of acetate, propionate, isobutyrate, butyrate, valerate, and isovalerate were unaffected by feeding whole sorghum (10 and 20%), barley (10 and 20%), and 20% whole wheat (Table 15). Cecal isovalerate concentrations were reduced (P < 0.05) when 10 and 20% whole barley or 35% whole wheat was fed to chicks for 21 d. Bacitracin reduced cecal propionate, valerate, and isovalerate concentrations compared with the basal diet treatment. Cecal pH at 21 d was not affected by dietary treatment, and values ranged from 5.79 to 6.08 (pooled SEM = 0.14).
DISCUSSION
Numerous studies have been published on the effects of whole grains on bird growth performance. Differences in diet composition, feed form (pelleted with or without the whole grain or in mash form), age of birds when exposed to whole grains, and the amount of whole grain provided make comparisons among experimental results difficult. In the current study, corn-soybean meal diets were fed in mash form with the whole grain incorporated into the diet from hatch to 21 d of age, except in the second experiment when the time of initial exposure (0 or 8 d) to whole wheat was tested. In most studies, the growth of chickens at 21 d is unaffected by the inclusion of a whole grain (Jones and Taylor, 2001; Svihus and Hetland, 2001; Bennett et al., 2002; Hetland et al., 2002; Svihus et al., 2004; Taylor and Jones, 2004) . The results of the current study generally agree with published literature. Growth performance was unaffected by feeding a diet containing whole wheat, up to 35%, and whole barley (10 and 20%), from hatch to 21 d of age. Growth performance was only decreased in experiment 3 when chicks were fed a diet containing 50% whole wheat. The latter result agrees with a study by Hetland et al. (2002) that reported a decrease in 24-d growth when 50% whole wheat was fed to broilers. When New Hampshire × Columbian chicks were fed di- Means within a row with no common superscript differ significantly (P < 0.05). 1 Means represent 5 pens of 8 chicks each per treatment. a-c Means within a row (age effect) with no common superscript differ significantly (P < 0.05). 1 Means represent 5 pens of 8 chicks each per treatment.
ets containing whole sorghum (10 and 20% of the diet) in the current study, weight gain was decreased at 7 and 21 d, but weight gains of Ross × Ross chicks was unaffected for the 0 to 7-d and 0 to 21-d periods when these levels of whole sorghum were included in the diet. The reason for these different growth responses between the crossbred and commercial Ross × Ross chicks to whole sorghum is unknown but may be associated with the much higher feed intakes of the commercial chicks. Feeding 10% or more of whole wheat, barley, or sorghum for 21 d resulted in an increase in relative gizzard weight compared with chicks fed a diet devoid of whole grains. Gizzard weight increased with increasing amounts of whole grain in the diet, and the greatest increase in gizzard weight was seen when chicks were fed 20% whole barley, which resulted in a 37% increase in New Hampshire × Columbian chicks and a 50% increase in relative weight in Ross × Ross chicks. Rogel et al. (1987) and Hetland et al. (2002) showed that starch digestibility was improved when gizzard activity was increased, which is probably due to increased grinding within the gizzard and the digesta remaining in the gizzard longer and being exposed to the digestive juices of the proventriculus for an extended period of time. Yasar and Forbes (1999) concluded that the greater nutrient availability due to increased grinding in the gizzard may have caused the intestine to adapt and produce an increase in intestinal villi and increased crypt cell proliferation.
Metabolizable energy data from the current study suggest that feeding whole wheat at concentrations of 10 to 20% results in improved ME n . These results are consistent with the findings of McIntosh et al. (1962) , Preston et al. (2000) , Svihus et al. (2004) , and Wu et al. (2004) . The current study also suggests that based upon ME n and AA digestibility data, there is a benefit to providing whole grains in the diet at hatch instead of waiting until the birds are older. As discussed earlier, several authors have suggested that the improvement in nutrient utilization with diets containing whole wheat was partially due to an increase in starch digestibility (Svihus and Hetland, 2001; Hetland et al., 2002; Svihus et al., 2004) . Hetland et al. (2003) detected a significant increase in amylase activity and bile acid secretion when gizzard activity was stimulated by oat hulls and hypothesized that increased pancreatic secretion of amylase was due to the increase in gizzard activity. By exposing chicks to a whole grain in their diet at a younger age, the gizzard size and activity level is increased at a younger age, which may help to improve the digestibility of nutrients. In addition to an improvement in ME n , AA digestibility was often improved when whole wheat was fed. This may be due to a slower passage rate of large feed particles through the gizzard (Nir et al., 1994a) and an increased exposure to hydrolytic digestion in the gizzard. However, differences in AA digestibility coefficients in the current study were often only increased 2 to 3 percentage units, which suggests that any improvement in AA digestibility is small.
Although nutrient digestion appeared to be improved by including whole grains in the diets of young chicks, this effect was not apparent in the growth performance of the chicks, particularly for feed efficiency. Feed efficiency at 7 and 21 d was unaffected by feeding a whole grain; however, there was often a decrease in feed efficiency during the 8-to 21-d period. Feed efficiency during the first week may have remained similar to chicks fed the basal diet due to the physical limitations of newly hatched chicks trying to consume whole grains. A 50-g sample of feed was removed from each feeder at the end of 7 and 21 d to determine an approximate proportion of whole grains remaining in the feed trough (data not shown). It was determined that during the first week, chicks were selecting the ground grain portion of the diet instead of the whole grains because there was often a 2 to 4% and 6 to 10% increase in the concentration of whole grains remaining in the feed trough for chicks fed 10 and 20% whole grain diets, respectively. However, during the 8-to 21-d period, the chicks were selecting more of the whole grains out of the feed trough, which may result in decreased feed efficiency due to reduced protein and AA intake. These data concur with results of Portella et al. (1988) and Nir et al. (1990) that as birds become older, their preference for larger particle size feed increases. This may translate into an increased expenditure of energy and reduced feed efficiency due to increased exploratory pecks while searching for feed particles of a semi-ovoid shape (Martaresche et al., 2000) . These effects discussed above may possibly be reduced by pelleting the diets rather than feeding the diets in mash form as was done in the present study. Another reason for the decrease in feed efficiency may be due to an increase in energy needed for the growth of the gizzard and the increased grinding necessary to reduce the particle size of whole grain for passage into the duodenum (Hetland et al., 2002) . Means within a row with no common superscript differ significantly (P < 0.05). 1 Means represent 6 pens of 4 chicks each per treatment.
In the contents of the distal part of the digestive tract, bacterial fermentation can be measured by the concentration of SCFA and their effect on cecal pH. Shortchain fatty acid production is important for intestinal health because SCFA are the primary energy source for colonocytes (Roediger, 1982) and they reduce concentrations of pathogens by maintaining a low luminal pH. In general, SCFA concentrations and luminal pH in the ceca were unaffected by feeding the whole grains, which is in accordance to previous research (Gabriel et al., 2003; Engberg et al., 2004; Taylor and Jones, 2004) . This suggests that hindgut substrates are not changing enough to alter the fermentative activity of the microbial population.
In conclusion, feeding whole grains such as barley, sorghum, and wheat to chicks may improve nutrient digestibility by increasing ME n and AA digestibility. Exposing chicks to whole grains at younger ages (such as immediately after hatching) may increase the beneficial effects on nutrient digestibility. The improvement in nutrient digestibility combined with the increased growth of the gizzard may contribute to a beneficial environment in the intestine by limiting the presence of disease-causing bacteria and the amount of undigested nutrients available for fermentation by potentially pathogenic bacteria, particularly in the lower gastrointestinal tract.
